Two-stage dissipation in a superconducting microbridge: 
Experiment and modeling 
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Using fluorescent micro-thermal imaging we have investigated the origin of "two-step" behavior in 
/-Vcurves for a current-carrying YBa2Cu30;c superconducting bridge. High resolution temperature 
maps reveal that as the applied current increases the first step in the voltage corresponds to 
local dissipation (hot spot), whereas the second step is associated with onset of global dissipation 
throughout the entire bridge. A quantitative explanation of the experimental results is provided by 
a simple model for an inhomogeneous superconductor, assuming that the hot spot nucleates at a 
location with slightly depressed superconducting properties. 



I. INTRODUCTION 



Jumps and other discontinuities in the current-voltage 
(I- V) characteristics of superconductors are commonly 
regarded as a fingerprint of failure. Their relevance for 
the behavior of superconducting magnets, storage coils 
and power transmission lines makes them a widely stud- 
ied subject in the literature, see e.g., Ref. While some 
kinds of discontinuities in I- V curves are claimed to be 
indications of self organization in the dynamics of mov- 
ing vortices in the presence of microscopic disorder^&^, 
there is wide consensus that "catastrophic" jumps are 
associated with resistive heating of macroscopic parts of 
the sample^. In the latter case, finite regions of the su- 
perconductor turning normal as the applied current in- 
creases have been assumed responsible for local overheat- 
ing in order to explain the jump characteristics^. While 
this "hot spot" scenario constitutes a sound physical pic- 
ture, it is still highly desirable to actually visualize these 
regions in a current-carrying superconductor to obtain 
more direct evidence and better understanding of the 
relation between specific discontinuities during real I-V 
measurements and the actual origin and extent of the 
regions involved in the jumps. 

In this work we report results from combined 4- 
probe transport measurements and visualization using 
the method of fluorescent thermal imaging (FTI)2£, car- 
ried out on a thin film bridge. The experimental results 
are analyzed by comparing the combined observed be- 
havior with a simple theoretical model for a bridge with 
a small region of depressed superconducting properties. 
For the two jumps found in the I-V curve, it is shown 



that the first corresponds to the appearance of a local- 
ized hot spot in the defected region, and the second to 
the onset of an overall dissipation throughout the bridge. 
The model, having only two adjustable parameters, gives 
an excellent quantitative description of the behavior. 



II. EXPERIMENTAL RESULTS 

The sample was ad = 0.3 /mi thick c-axis oriented film 
of YBa2Cu30a: (YBCO) with a superconducting transi- 
tion temperature of T c = 91 K. The film was photo- 
lithographically patterned into a w — 5 /im wide and 
/ = 500 /xm long strip, which at both ends extends 
into large areas coated with gold for electrical connec- 
tion. Space-resolved observation of the dissipation in the 
bridge was obtained using FTI, where a 1 /xm thick film 
of poly(methyl methacrylate) (PMMA) mixed with the 
fluorescent dye europium tris[3-(trifluoromethylhydroxy- 
methylene)-(+)-campliorate] (EuTFC) deposited by spin 
coating on the sample, was used as sensor. 

Our FTI setup consists in a standard Leica DMR mi- 
croscope and a continuous flow cryostat, where the sam- 
ple is mounted on the cold finger below an optical window 
(Suprasil) allowing the incoming UV- light to excite the 
fluorescent film, see Fig. Q] The UV-source is a 200 W 
mercury-xenon lamp, a UV transmission filter and an 
optical light-guide. The light emitted from the sensor 
film at 614 nm has a strongly temperature dependent in- 
tensity, which through the microscope equipped with a 
10 nm bandpass filter creates a direct map of the temper- 
ature distribution over the sample area. A more detailed 
description of the setup can be found elsewhere^ The 
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FIG. 1: Experimental setup for micro-thermal imaging where 
a fluorescent polymer film serves as temperature sensor over 
the sample area. 



present experiments were carried out at To — 84 K, and 
the thermal images had a temperature resolution better 
than 100 mK. 

A stabilized dc-current source was used to apply the 
transport current in the bridge. The 4-probe I- V mea- 
surements, and the recording of thermal images were 
performed simultaneously. Shown in Fig. [21 middle and 
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FIG. 2: From top to bottom is shown an optical image of the 
bridge(horizontal strip) and two thermal images for applied 
currents of 50 mA and 60 mA respectively. Both thermal 
images have a color-coded scalebar where AT = corresponds 
to 84 K, the ambient temperature. The bridge is 0.5 mm long. 
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FIG. 3: Plot of experimental current-voltage(7- V) characteris- 
tic of the bridge shows voltage jumps appearing the threshold 
currents Thi and 7th2- The voltage respond for 7 = 60 mA is 
higher than 20 V, excluded in this plot. The fitted lines are 
calculated from Eq. ©. 

lower panels, are thermal images of the sample carrying a 
current of 50 mA and 60 mA, respectively. For reference, 
the upper panel shows an optical image of the bridge. 
Thermal images were recorded as the current was slowly 
ramped up in much smaller steps. 

The first evidence of heating was the hot spot seen in 
the middle panel. At I = 50 mA this locally heated re- 
gion was found to be temporarily stable both in size and 
position, and the maximum temperature relative to the 
background was AT = 9 K, which implies the tempera- 
ture in the spot center was just above T c . Note that any 
heat leakage into the bridge from external areas, such as 
the contact pads, was not observed. Increasing the cur- 
rent did not cause any immediate change in the thermal 
distribution. At 7 = 60 mA a second dramatic event 
took place. Now the entire bridge became normal, and 
with an average temperature elevation of AT = 80 K. 
The center of the earlier hot spot continues to have the 
highest temperature, now with AT = 100 K. 

This two-stage process is reflected also in the J- V curve 
shown in Fig. [3J A sudden increase in the voltage by 
AVi = 280 mV at ithi = 45 mA obviously corresponds 
to the formation of the hot spot seen in the middle panel 
of Fig. [2] The resistance of the hot spot is found to be 
i?h = AVi /ithi = 6.2 Q. To a first approximation, the 
size Aa: of the region heated above T c can be estimated 
using that 

Ax/l = R h /R D , 

where R n is the normal state resistance of the bridge. 
From R n /l = p n /wd, and a normal state resistivity for 
YBCC£ of p n = 10~ 6 flm, one obtains Ax = 9.3 fitn, i.e., 
twice the width of the bridge, which is fully consistent 
with the hot spot image in Fig. [21 middle panel. 

As the current is increased further, the voltage grows 



linearly and with a slope making the I- V curve extrapo- 
late through origin. This constant resistance suggests a 
stable hot spot, as indeed was seen by the FTI. Then at 
It\a = 57 mA the voltage displays a second jump, which 
according to the thermal image at I = 60 mA, brings the 
whole bridge well into the normal state. 



III. MODELING AND DISCUSSION 

To discuss the results in more detail a model was de- 
veloped aiming to reproduce the reported two-stage dis- 
sipation process, as well as its full spatial and temporal 
evolution. We consider the long thin superconducting 
strip as one-dimensional, and aligned with the x-axis. It 
is assumed that once a part of the strip becomes nor- 
mal, that part will be a source for Joule heating. The 
heat then propagates in two different ways, (i) by ther- 
mal conduction along the strip, and (ii) by escaping into 
the environment according to the Newton law of cooling 
with an effective heat transfer coefficient, a. In the strip 
the temperature T — T(x,t) then satisfies the following 
equation, 



dT 



d 2 T 



a 



C dt ~ k dx 2 d (T " 



■To)- 



I 2 P n(x) 

w 2 d 2 



Q[T-T c (x)] , (1) 



with boundary conditions T(0,t) — T(l,t) = T . Here 
c is the specific heat per unit volume and k is the ther- 
mal conductivity. The unit step function, 0, adds the 
Joule heating term only for x where T is above the local 
transition temperature T c {x). 

By including explicit coordinate dependences of T c and 
p n , this model allows for nonuniformity. Indeed, com- 
paring the direct image with the FTI images in Fig. [2j a 
correlation is evident between the hot spot position and 
the region of optical nonuniformity (of unknown origin, 
but clearly visible). Actually, also a previous studyi^ of a 
YBCO bridge where low-temperature scanning electron 
microscopy (LTSEM) was used to make a detailed map 
of the critical temperature, showed when compared with 
magneto-optical images of the bridge while passing a su- 
percritical current, that the permanent damage directly 
correlated with the regions of depressed transition tem- 
perature. Motivated by this, we will assume the following 
coordinate dependencies, 
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where v is a numerical factor, for simplicity set equal in 
both equations. The region of depressed properties is of 
size Ax and centered at x — Xq, see Fig. [4] The rela- 
tion also includes that the critical temperature gradually 
drops for large applied currents, where the parameter Iq 
sets the scale. 




FIG. 4: a) Sketch of the superconducting bridge where the 
position, xo, and the length, Ax, of the "weak" region are 
shown, b) Graph of the temperature distribution along the 
bridge and its dynamical behavior after applying a current of 
/ = 50 mA, which leads to the formation of a hot spot. Units 
on the axises are r\ — ^Jkdja and r = cd/a, the characteristic 
length and time, respectively. 

Let us first use the present model together with the 
experimental results to determine the model parameters 
v and Iq. As the applied current increases, dissipation 
will start in the "weak" region once the current reaches 
the first threshold value, Thi- The onset happens as 
T c (x) in this region drops to To, and from Eq. ^ it 
follows that, 



Jthi = (l-f)/o(l-T /T c ) 



(4) 



When the current is increased further, also T c (x) for 
the remaining part of the bridge eventually falls below 
To, and the whole strip starts to dissipate. This second 
threshold, Th2, is given by 



Th2 = /o(l-T /T c ). 



(5) 



From the experimental values Thi = 45 mA and 7th2 = 
57 mA, wc obtain v = 0.21 and I = 0.74 A. 

The form of Eq. |T|) defines a characteristic length 
t] = y^kd/a for spatial variations in the temperature 
profile. Provided that Ax 3> r\ and the "weak" region is 
dissipating, the temperature is effectively uniform within 
each homogeneous part of the strip. In particular, when 
passing an intermediate current Thi < I < hh2, it fol- 
lows that the steady-state temperature rise of the hot 
spot equals, 
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Using for YBCO films, k = 5 W/mK-iLi 2 . together 
with AT = 9 K revealed by the thermal image for I— 
50 mA in Fig. [21 the final model parameter is found to 
be a — 4.7 • 10 7 W/m 2 K. This value for the heat trans- 
fer coefficient is in line with values reported in the litera- 
ture for similar sample o 13 ' 14 . As a check for consistency, 
note that this gives rj = 0.18 /xm, which indeed satisfies 
t] -C Ax. 

From this model it follows that the I- V characteristic 
of the bridge can be expressed as, 
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Here only the hot spot size is now adjustable, and best 
fit to the experimental data in Fig. [3] is obtained for 
Ax — 7.3 fxva. The fitting result is included in the figure 
as straight lines. Direct inspection of the first and the 
second image in Fig. [2j shows that Ax = (8 ± 2) /im, in 
excellent agreement with the value obtained within the 
model. 

With all model parameters found, we have used Eq. (JTJ 
to determine the transient behavior of the hot spot by 
solving the equation numerically with T(x, 0) = To as 
initial condition. Real dimensions were used for the size 
of the bridge, where the position of the "weak" region cor- 
responds to xo — 51/6, see Fig. Ufa). The position along 
the bridge is measured in units of rj, whereas the time unit 
is r = cd/a. With a specific heat of c = 1.2 • 10 6 J/m 3 K 
for YBCQ±£, we have r = 7.6 ns. Shown in Fig. 0|b) is 
the resulting time evolutions of AT(x,t) = T(x,t) — T 
along the bridge after a constant current of 50 mA was 
turned on at t = 0. Whereas the transient itself is much 
too fast to follow experimentally with the FTI method, 



we find a very good agreement between the model results 
and the experimental steady-state temperature profiles. 



IV. CONCLUSIONS 

We have reported direct observation suggesting that 
two-step I- V curves in non-homogeneous superconduc- 
tors can be caused by the sudden appearance of a "hot 
spot" in a region with depressed superconductivity, fol- 
lowed by a stage in which the whole bridge passes to the 
normal state. We have constructed a simple model of 
the sample consisting in a superconducting bridge with 
a finite region of depressed critical temperature and in- 
creased normal state resistivity. The model reproduces 
quantitatively the two-step experimental I- V curve, as 
well as the corresponding thermal maps. Our combined 
experimental and theoretical results also suggest that 
"multi-step" , subsequent current I- V curves can be ex- 
plained by the appearance of several "hot spots" in re- 
gions of different superconducting properties connected 
in series into a superconducting sample — as commonly 
happens, for example, in a YBCO crystal with twinning 
defects, see e.g. Ref. @. 
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